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Two major histopathological variants of this cancer have been described: an intestinal type and a diffuse type. 2 A decline in the overall incidence of gastric cancer can be attributed primarily to a decrease of the intestinal variant of gastric cancer with the diffuse type remaining stable or possibly even increasing. 3 The histopathologic appearance of diffuse gastric cancer specimens reFor editorial comment see p 2410.
Context
Hereditary diffuse gastric cancer is caused by germline mutations in the epithelial cadherin (CDH1) gene and is characterized by an increased risk for diffuse gastric cancer and lobular breast cancer.
Objective To determine whether recurring germline CDH1 mutations occurred due to independent mutational events or common ancestry.
Design, Setting, and Patients Thirty-eight families diagnosed clinically with hereditary diffuse gastric cancer were accrued between November 2004 and January 2006 and were analyzed for CDH1 mutations as part of an ongoing study at the British Columbia Cancer Agency. Twenty-six families had at least 2 gastric cancer cases with 1 case of diffuse gastric cancer in a person younger than 50 years; 12 families had either a single case of diffuse gastric cancer diagnosed in a person younger than 35 years or multiple cases of diffuse gastric cancer diagnosed in persons older than 50 years.
Main Outcome Measures
Classification of family members as carriers or noncarriers of CDH1 mutations. Haplotype analysis to assess recurring mutations for common ancestry was performed on 7 families from this study and 7 previously reported families with the same mutations.
Results Thirteen mutations (6 novel) were identified in 15 of the 38 families (40% detection rate). The 1137GϾA splicing mutation and the 1901CϾT (A634V) missense/ splicing mutation occurred on common haplotypes in 2 families but on different haplotypes in a third family. The 2195GϾA (R732Q) missense/splicing mutation occurred in 2 families on different haplotypes. The 2064-2065delTG mutation occurred on a common haplotype in 2 families. Two families from this study plus 2 additional families carrying the novel 2398delC mutation shared a common haplotype, suggesting a founder effect. All 4 families originate from the southeast coast of Newfoundland. Due to concentrations of lobular breast cancer cases, 2 branches of this family had been diagnosed as having hereditary breast cancer and were tested for BRCA mutations. Within these 4 families, the cumulative risk by age 75 years in mutation carriers for clinically detected gastric cancer was 40% (95% confidence interval [CI], 12%-91%) for males and 63% (95% CI, 19%-99%) for females and the risk for breast cancer in female mutation carriers was 52% (95% CI, 29%-94%).
Conclusions Recurrent CDH1 mutations in families with hereditary diffuse gastric cancer are due to both independent mutational events and common ancestry. The presence of a founder mutation from Newfoundland is strongly supported. veals a pattern of isolated, mucinfilled tumor cells within the wall of the stomach. 4 Decreased expression of the epithelial cadherin (CDH1) gene (Online Mendelian Inheritance in Man No. 192090) in cases of diffuse gastric cancer may account for morphological differences between intestinal and diffuse variants. Epithelial cadherin is a transmembrane glycoprotein and plays a major role in epithelial architecture, cell adhesion, and cell invasion. CDH1 was first associated with gastric cancer when somatic mutations were identified in diffuse gastric cancer specimens. 5 Since then, germline mutations in CDH1 have been found in families with autosomal dominant susceptibility to hereditary diffuse gastric cancer (HDGC). [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] An autosomal dominant cancer susceptibility syndrome, HDGC has an average age of onset of 38 years for clinically detectable diffuse gastric cancer. 7, 18 Germline mutations in CDH1 are found in 30% to 40% of clinically defined families with HDGC from different ethnic backgrounds, predominantly from lowincident populations. 18, 19 The CDH1 mutation spectrum is heterogeneous and includes point mutations, small deletions, and insertions distributed along the entire coding sequence (TABLE 1) . 8, 20 The identification of CDH1 mutations offers the opportunity of cancer risk-reduction strategies for unaffected at-risk individuals. 19, 21 Along with a risk of diffuse gastric cancer, there is an excess of lobular breast cancer in families with clinically defined HDGC. 8, 9, [22] [23] [24] This is not unexpected because loss of CDH1 expression is a cardinal feature of lobular breast cancer and HDGC and both somatic CDH1 mutations and promoter hypermethylation are found frequently in lobular breast cancer but only rarely in infiltrating ductal carcinoma. 25, 26 In this study, mutation status was assessed in 38 families with diffuse gastric cancer. The analysis of the 38 families revealed 13 different CDH1 mutations in 15 of these families (40% detection rate). Eight of these mutations were classified as recurring; these included 2 mutations (1 novel, 1 previously reported 10 ) that were found in more than 1 family in this study and 6 additional mutations that had been previously reported. 8, 11, 19, [27] [28] [29] This was unexpected because earlier mutation screenings typically reported only novel mutations in single families. Of the more than 50 published pathogenic germline CDH1 mutations, only the 187CϾT (R63X) (arginine63stop) truncating mutation, 9 , 3 0 the 1018AϾG (T340A) (threonine340alanine) mutation, 12,31 the 1792CϾT (R598X) (arginine598stop) truncating mutation, 9,13,30 the 1901CϾT (A364V) (alanine634valine) mutation, 19, 27 and the 1003CϾT (R335X) (arginine335stop) truncating mutation 9, 32 have been found in more than 1 family. The latter was found in 3 families due to independent mutational events as demonstrated by haplotype analysis. 9 In this study, haplotype analysis was used to determine if 5 of the 8 recurrent mutations within this series occurred due to independent mutational events or founder effects. For 4 of these mutations, at least 2 apparently unrelated families shared the mutation and an associated haplotype at the CDH1 locus. A novel recurrent CDH1 mutation was initially found in 2 families from the southeast region of Newfoundland and subsequently in 2 additional families, both originating from this same region, implying a founder effect. The implications of these data on the genetic testing and counseling of families with HDGC, as well as the novel opportunities created by the discovery of founder mutations, appear herein.
METHODS

Patient Ascertainment
As part of an ongoing study at the British Columbia Cancer Agency, 38 families diagnosed clinically with HDGC were accrued between November 2004 and January 2006 and were analyzed to estimate the frequency and penetrance of mutations in the CDH1 gene. When available, ethnicities for families are included (TABLE 2). In cases in which families are of multiple ethnicities, ethnicity is ascribed based on the branch of the family that carries the CDH1 mutation. Ethnicities were selfreported by probands. Ethnic background is relevant to ascribing founder effects to mutations.
The majority of families met previously published inclusion criteria. 8, 9 Six families had a single case of diffuse gastric cancer diagnosed in a person younger than 35 years; 26 families had at least 2 gastric cancer cases with 1 case diagnosed as diffuse gastric cancer in a person younger than 50 years; 5 families had at least 3 gastric cancer cases at any age, 1 of which was confirmed as diffuse gastric cancer; and 1 family had 2 confirmed diffuse gastric cancer cases, both diagnosed in persons older than 50 years. The majority of families were referred to this study through genetics clinics in North America. Pedigrees and medical records were collected by genetic counselors at the site of origin. When available, pathology and other medical reports were reviewed by study investigators for probands and affected family members.
Mutation screening results were reported to the proband (or next of kin if the proband was deceased) with appropriate counseling and psychological support by the referring genetic counselor. Genetic counseling and carrier testing was then offered to other adult family members. When prophylactic gastrectomies were performed, pathology reports were requested; only abnormalities from gastrectomies analyzed according to a previously published protocol were considered. 33 Investigations were performed after approval by the clinical research ethics board of the University of British Columbia. Informed consent was obtained from each individual, or next of kin in the case of a deceased individual.
Mutation Analysis
Genomic DNA was purified from peripheral blood leukocytes, using the Puregene DNA Purification Kit (Gentra Systems, Minneapolis, Minn) according to the manufacturer's instruc-tions. The entire coding sequence and flanking intronic portions of the CDH1 gene were screened by denaturing highperformance liquid chromatography analysis using a 3500HT WAVE DNA fragment analysis system (Transgenomic Inc, San Jose, Calif ). The denaturing high-performance liquid chromatography and polymerase chain reaction (PCR) primers, PCR settings, amplicon length, and resolution temperatures for denaturing highperformance liquid chromatography analysis were as described previously. 9 Bidirectional sequencing of purified PCR products (Qiagen, Mississauga, Ontario) was performed using the ABI BigDye Terminator Sequencing Kit version 3.1 (Applied Biosystems, Foster City, Calif ) and an ABI Prism 3100 or 310 Genetic Analyzer (Applied Biosystems).
Missense Mutation Analysis
To assess epithelial cadherin function, aggregation and Matrigel invasion assays (BD Biosciences, Mississauga, Ontario) were performed as previously described. 14, 19 Briefly, Chinese hamster ovary (CHO) cells, which do not express endogenous CDH1, were transfected with constructs expressing wildtype, R749W, or E781D CDH1. Aggregation was assessed using an in- 
Splicing Analysis
Splicing effects were predicted using NNSPLICE software version 0.9 (Berkeley Drosophila Genome Project, Splice Site Prediction by Neural Network, Berkeley, Calif ) and NetGene2 software (Center for Biological Sequence Analysis, Lyngby, Denmark). 36, 37 These programs assign ideal splice site scores of 1 for donor and acceptor sites.
Reverse transcriptase-PCR (RT-PCR) was performed on putative novel splicing and missense/splicing mutations. The RNA was extracted from white blood cells or gastrectomy specimens using Trizol (Invitrogen, Burlington, Ontario) according to the manufacturer's instructions. Using the SuperScript FirstStrand Synthesis System (Invitrogen), 1 µg of RNA was reverse transcribed. The PCR amplification was performed with gene-specific primers (EC5F5Ј-TGGCCAAGGAGCTGACACAC-3Ј and EC7R 5Ј-GATCTTGGCTGAGGATG-GTG-3Ј for 715 GϾ; EC11F5ЈAACTGG-CTGGAGATTAATCCG-3Ј and EC15R 5; CAATTTCATCGGGATTGGCAG-3Ј for 2195GϾA and 2164ϩ5GϾA) using a PTC-200 DNA Engine Thermal Cycler (MJ Research, Waltham, Mass). The PCR products were either cloned into pCR-TOPO vectors (Invitrogen) or purified from 2% agarose gels followed by sequencing as described above.
Missense mutations with potential splicing effects that had not been previously described were subjected to minigene analysis to validate splicing effects predicted in silico. Exons 6 and 14 with flanking intronic sequence were amplified using specific primers (MG6F5Ј-TATTACTCGAGATGCCTGGCCAG-GAAGTCATATATT GAT-3Ј and MG6R5-ATATAGATATCCCGG-GAGTTTGAAAGTAGCCTGGA-3 for exon 6; MG14F5Ј-TATTACTCGAGC-CCACTCCCCATAGCTGGTTAT G and MG14R 5Ј-ATATAGATATCAATAAG-TAGGCTCTCCAAGACACTG-3Ј for exon 14) containing either XhoI (forward primer) or EcoRV (reverse primer) linkers and unidirectionally cloned into pSPL3 vectors. Selected constructs were transfected into COS (Cercopithecus aethiops) cells with the Lipofectin Reagent (Invitrogen). The RNA was isolated after 24 hours using Trizol (Invitrogen) according to the manufacturer's instructions. One microgram of RNA was reverse transcribed using MMLV (moloney murine leukemia virus) RT (Invitrogen) followed by PCR amplification using vector-specific primers (SD65Ј-TCTGAGTCACCTGGA-CAACC-3Ј and SA25Ј-ATCTCAGTG-GTATTTGTGAGC-3Ј). The PCR products were analyzed on a 2% agarose gel and sequenced as described above. *Numbering is based on CDH1 complementary DNA sequence (GenBank: NM_004360) with the "A" from the start "ATG" (methionine) being equivalent to position 1. †One individual had both diffuse gastric cancer and lobular breast cancer.
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Haplotype Determination
Haplotype analyses were performed using microsatellite markers D16S318, D16S3107, D16S3025, D16S496, D16S3067, D16S3095, and D16S752 s u r r o u n d i n g t h e C D H 1 r e g i o n (FIGURE 1). Each marker was amplified with PCR using a PTC-200 DNA Engine Thermal Cycler (MJ Research). The PCR products were electrophoresed in an ABI Prism 3100 Genetic Analyzer (Applied Biosystems) and analyzed with Genescan version 3.1 software (Applied Biosystems). Primer sequences for microsatellite markers D16S3025, D16S496, D16S3095, and D16S752 have been previously reported. 9 Individual amplification primers for markers D16S318, D16S3107, and D16S3067 are listed in the genome database (http://www.gdb.org).
Penetrance Analysis
Pedigree data from families F14, F15, SF6, and SF7 were used to estimate the penetrance of CDH1 using a conditional likelihood approach implemented in the Mendel program, as previously described. 38 The conditional likelihood of the pedigree was maximized given the phenotype of the family at ascertainment and the genotype of the index case. The models were parameterized in terms of age-specific log relative risks of gastric and breast cancer compared with background population incidence rates. The cumulative risk of gastric cancer for men and women and the breast cancer risk in women were then estimated from the cumulative incidence estimates. Only cases of clinically detected gastric cancer were considered in this analysis; patients undergoing prophylactic gastrectomy were censored at age of surgery and so occult carcinomas did not contribute to penetrance estimates. To protect the anonymity of the families shown in the pedigrees, unaffected individuals are represented by a sex-neutral symbol (circle within a square). Information about affected individuals is fully displayed. Individuals are not shown in birth order. Complete pedigree data will be made available by the authors upon request for specific research use consistent with protection of participant privacy and prior consent.
RESULTS
Mutation Screening
Mutational analysis of CDH1 was performed for 38 families. Fifteen of the 38 families were found to have CDH1 germline mutations (40% detection rate) ( Table 2 ). All mutation carriers were heterozygous for a specific mutation, consistent with autosomal dominant inheritance. Fourteen of the 15 families who tested positive for a mutation had at least 2 gastric cancer cases with 1 case diagnosed as diffuse gastric cancer in a person younger than 50 years (14/26; 54%). One of the 15 families had 2 confirmed diffuse gastric cancer cases, both diagnosed in persons older than 50 years. Thirteen different mutations were found in these 15 families: 6 truncating mutations (2 nonsense, 3 deletions, 1 insertion), 2 splicing mutations, 3 missense/splicing mutations, and 2 missense mutations. Six of the 13 mutations identified herein are novel: 1682-1683insA; 1913GϾA (W638X) (tryptophan638stop); 2164 ϩ 5GϾA (splicing); 2245CϾT (R749W) (arginine749tryptophan); 2 3 4 3 A Ͼ T ( E 7 8 1 D ) ( g l u t a m i c acid781aspartic acid); 2398delC. The remaining 7 mutations have been previously reported: 715GϾA (G239R) (glycine239arginine, missense/ s p l i c i n g ) ; 2 8 3 C Ͼ T ( Q 9 5 X ) (glutamine95stop); 1137GϾA (splicing); 1397-1398delTC; 1901CϾT (A634V, missense/splicing); 2064-2065delTG; 2195GϾA (R732Q) (arginine732glutamine, missense/ splicing). 8, 10, 11, 19, [27] [28] [29] The 6 truncating mutations were assumed to be deleterious.
To confirm pathogenicity of the 2 novel missense mutations, 2245CϾT (R749W) and 2343AϾT (E781D), aggregation and invasion were assayed using CHO cells. These are standard methods to assess function of epithelial cadherin missense variants through comparison with wild-type epithelial cadherin, which promotes cell aggregation and inhibits cell invasion. 14, 19 Introduction of wild-type CDH1 into CHO cells resulted in cell aggregation. However, CHO cells expressing the 2 missense variants failed to produce compact cellular aggregates in soft agar. The CHO cells expressing wild-type CDH1 had minimal invasion into collagen matrices as expected (mean [SD] invasion index, 0.63% [0.15%]). By contrast, the CHO cells expressing the 2245CϾT (R749W) and 2343AϾT (E781D) mutations had significantly higher mean (SD) invasion indices of 5.4% (0.15%) and 7.8% (0.36%), respectively (PϽ.01 for both mutations by normal test), demonstrating impaired function of epithelial cadh e r i n . T h e m i s s e n s e m u t a t i o n 2245CϾT (R749W) is predicted to be pathogenic using SIFT prediction software and this arginine residue is conserved in homologous proteins in cows, rats, mice, dogs, and Chinese soft-shell turtles. The SIFT analysis of the 2343AϾT (E781D) mutation suggested that this substitution would be tolerated. However, we believe that this mutation is pathogenic because the functional in vitro results indicate that it affects epithelial cadherin function.
Of the 2 splicing mutations, 1 had been shown previously by RT-PCR to affect splicing (1137GϾA). 10 The second (2164ϩ5GϾA) was predicted by in silico analysis to affect splicing at the native donor splice site. This was validated by us through RT-PCR analysis on RNA extracted from white blood cells, which revealed that this mutation caused deletion of exon 13 (228 base pairs).
The 3 mutations classified as missense/splicing have been described previously as pathogenic missense mutations through in vitro functional assays and SIFT analysis. 8, 14, 19, 28 However, further analysis by ourselves or others (in the case of 1901CϾT [A634V]
39
) indicated that these mutations affect splicing. In silico analysis of 715GϾA (G239R) and 2195GϾA (R732Q) mutations predicted that both of these mutations created new acceptor splice sites. By contrast, similar analysis of the 2 missense mutations (2245CϾT [R749W] and 2343AϾT [E781D]) did not reveal any splicing effects. Our RT-PCR analysis of the 715GϾA (G239R) and 2195GϾA (R732Q) missense/ splicing mutations using RNA extracted from white blood cells and a gastrectomy specimen, respectively, confirmed the in silico-predicted splicing effects. The 715GϾA (G239R) mutation caused deletion of the first 29 base pairs from exon 6 and the 2195GϾA (R732Q) mutation resulted in complex splicing and deletion of 32 base pairs at the start of exon 14. Previous RT-PCR analysis of the 1901CϾT (A634V) missense/splicing mutation demonstrated that this nucleotide substitution causes deletion of the last 37 nucleotides of exon 12 and subsequent frameshift. 39 Novel splicing effects were further validated by minigene analysis, which showed that the 715GϾA (G239R) mutation created a preferential splice site in exon 6 and that the 2195GϾA (R732Q) mutation activated a cryptic acceptor splice site in exon 14. In comparison, minigene analysis of the 22245CϾT (R749W) missense mutation showed normal splicing only.
Haplotype Analysis
Two mutations were found in multiple families in this study. The F3 and F4 families had a single nucleotide substitution (1137GϾA) previously reported to result in complex splicing errors. 10 Families F14 and F15 were both found to have a single nucleotide deletion (2398delC) in exon 15. Both families F14 and F15 came from the Canadian province of Newfoundland.
To determine whether recurring mutations represented independent CDH1 mutational events or were due to common ancestry, haplotype analysis was performed on 5 of the 12 described mutations. These include the mutations that were found in more than 1 family in this series (2398delC and 1137GϾA) along with 3 other previously reported mutations (1901CϾT [A634V] , missense/splicing; 2064-2065delTG; 2195GϾ A [R732Q], missense/ splicing) found in this study for which samples from previously reported families were available (TABLE 3) . 8, 10, 19, 27 Seven microsatellite markers surrounding the CDH1 gene were selected and haplotypes were determined in several family members. These markers span a region of approximately 4 Mb (4 million base pairs of DNA) and are tightly linked to the CDH1 gene (Figure 1) . The diseaseassociated haplotypes were deduced from allele segregation in known carriers by inspecting genotypes in the families.
The missense/splicing mutation 2195GϾA (R732Q) occurred in a previously reported family (SF5) 8 and in family F11 from this study. Three siblings from family F11 and an individual from family SF5 were subjected to haplotype analysis. Families F11 and SF5 9 had haplotypes differing at 2 microsatellite locations (D16S3107 and D16S3095) but were identical at the 3 microsatellite markers most tightly linked to CDH1 (TABLE 4). These data are inconclusive because the mutation could either have arisen independently in these 2 families or it is an ancient mutation with differing haplotypes resulting from 2 recombination events occurring at the more distal markers. This latter possibility is a lowfrequency event; however, it may have occurred over many generations.
The missense/splicing mutation 1901CϾT (A634V) had been previously reported to occur in a Portuguese individual (family SF2) diagnosed with signet ring cell carcinoma of the stomach at the age of 30 years, 19 a Portuguese family with 2 cases of diffuse gastric cancer (family SF3), 27 and a colorectal carcinoma-derived cell line. 39 This mutation was found in family F7 of English descent. Analysis revealed that families SF2 and SF3 share virtually common haplotypes but differ at microsatellite D16S318 (Table 4) , the most centromeric of the markers analyzed ( Figure 1 ). Because D16S318 is relatively distant (approximately 1.5 Mb) from the CDH1 gene, we believe that a single recombination event has occurred in 1 of the families but that these families share a common ancestor. The putative haplotype detected in families SF2 and SF3 differed at markers D16S318, D16S3025, D16S496, D16S3067, and D16S3095 from the haplotype cosegregating with the mutation in family F7. We conclude that the mutation 1901CϾT (A634V) occurred due to an independent mutational event in family F7.
The 1137GϾA splicing mutation had been previously reported in a Brazilian family (SF1) of Italian origin 10 and was reported in 2 families, F3 and F4. Haplotype analysis performed on an individual from each of families F3 and F4 and on 2 affected individuals from family SF1 revealed a common haplotype shared among families F3 and F4 and a different haplotype in family SF1 (Table 4 ). This result indicates that families F3 and F4 could share a common ancestor. However, the presence of this same mutation in family SF1 is the result of an independent mutational event.
The 2064-2065delTG mutation was identified in family F9 in this study and also had been previously identified in family SF4 of German descent. 8 Haplotypes were determined in an individual from family F9 and in 2 individuals from family SF4. A putative common haplotype was found segregating with the mutation in both families, indicating that families F9 and SF4 share common ancestry. Despite extensive efforts, we have been unable to connect the pedigrees of these 2 families.
The 2398delC mutation (FIGURE 2) was found in families F14 (FIGURE 3)  and F15 (FIGURE 4) , both of Irish/ English ethnicity and originating from Newfoundland. This same mutation was subsequently found in an additional family (SF6) from Newfoundland ( Figure 3) 8 and in family SF7 F14  4  140  291  100  207  127  159  114  F15  1  140  291  100  207  127  159  114  SF6  2  140  291  100  207  127  159  114  SF7  2  140  291  100  207  127  159  114 *Indicates tetranucleotide repeat. All other microsatellite markers are dinucleotide repeats (genome database: http://www.gdb.org). †Microsatellite repeat numbers for both alleles are reported when it was not possible to determine which allele was cosegregating with the mutation.
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( Figure 4 ) in which the mother of the proband originates from Newfoundland. This cluster of 4 families has 29 cases of gastric cancer, 16 cases of breast cancer, and 31 unaffected mutation carriers, of which 12 have had prophylactic gastrectomies. Family SF6 had previously tested negative for CDH1 mutations 8 but was retested when it was discovered that they originated from Newfoundland. The original falsenegative result occurred due to polymorphic sites within primers used for the initial analysis (data not shown); in this study, different primer sets were used for sequencing. Although families SF6 and SF7 showed no apparent relationship to each other or to the original 2 Newfoundland families carrying this mutation, haplotype analysis revealed that all mutation carriers shared a common haplotype. This strongly suggests that the 2398delC mutation is a CDH1 founder mutation. Furthermore, all 4 families are from communities within a 100-mile radius. Families F14 and SF6 are both from an abandoned island community off the southeast coast of Newfoundland and family SF7 is from the neighboring French islands of St Pierre and Miquelon. We have been able to connect the pedigrees of family F14 and SF6 ( Figure 3) ; however, it is uncertain whether this connection is relevant to the inheritance of the CDH1 mutation.
Penetrance Analysis
The cumulative risk of gastric cancer by age 75 years in the 4 families with the 2398delC mutation was estimated to be 40% (95% confidence interval [CI], 12%-91%) for males and 63% (95% CI, 19%-99%) for females (TABLE 5). The cumulative risk for breast cancer for females by the age of 75 years was found to be 52% (95% CI, 29%-94%).
Clinical Follow-up
We have performed 129 CDH1 mutation carrier tests for asymptomatic individuals (age range, 18-77 years) from 11 of the families (9 of the original 15 families plus 2 additional families car- rying the 2398delC mutation) cited in this study. Sixty-one of these tests were from family F14. Fifty-one individuals had positive carrier tests (51/129; 40%) and 23 (45%) of these underwent prophylactic gastrectomies. A pathology report was available for 18 of the specimens and occult cancers were detected in 12 cases (67%). A single individual from family F15 had diffuse gastric cancer detected by endoscopic random biopsy while she was considering a prophylactic gastrectomy.
COMMENT
Gastric cancer is one of the most common gastrointestinal tract malignancies worldwide and increased gastric cancer rates are observed in hereditary nonpolyposis colon cancer, particularly in East Asian families, and in individuals with Li-Fraumeni syndrome or Peutz-Jegher syndrome. [40] [41] [42] The germline defect in CDH1 underlying HDGC was first identified through a combination of linkage and mutation analysis in 3 Maori families with early onset diffuse gastric cancer 6 and subsequently confirmed in families with different ethnicities. 30 Combining results from this and 2 previous studies, we have found CDH1 mutations in 53.1% (24/49) of families with 2 or more cases of gastric cancer, with at least 1 diffuse gastric cancer case diagnosed before age 50 years. 8, 9 These criteria may be appropriate for HDGC selection in low-incidence populations but is likely too permissive for use in countries such as Japan or Korea where gastric cancer is much more common.
For families with HDGC, the uptake for carrier testing is high and current cancer risk reduction strategies include endoscopic screening and prophylactic gastrectomy. The choice of prophylactic gastrectomy is supported by the finding of early diffuse gastric cancer in the tissue specimens of 21 of 22 CDH1 mutation carriers who chose to have gastrectomies despite receiving negative endoscopy results. 9, [43] [44] [45] Furthermore, in this study 23 (45%) of the 51 asymptomatic CDH1 mutation carriers chose to have prophylactic gastrectomies and additional individuals are either awaiting surgery or are consulting with surgeons to discuss this possibility. A pathology report was available in 18 cases and occult cancer was confirmed in 12 (67%). The age range of individuals undergoing this procedure ranges from 36 to 60 years. The uptake of prophylactic gastrectomies is likely due to poor early detection methods and severity of disease at the time of clinical presentation. One of the difficulties associated with early diagnosis through screening is that early lesions are often multifocal, less than 1 mm in diameter, and underlie normal gastric mucosa. 33 Positron emission tomographic scanning or chromoendoscopy-directed biopsies have recently been recommended as a screening method for at-risk individuals. 46 However, these detection methods appear to have low sensitivity and failed to detect early gastric cancer in 6 patients with HDGC. 47 In this study, a single individual from family F15 was found to have occult cancer from an endoscopic biopsy; this is the only asymptomatic mutation carrier from this study known by us to have cancer detected by this method. Frequent screening by chromoendoscopy as the primary gastric risk reduction strategy in CDH1 mutation carriers is being used for the previously described Maori family. 6, 48 Further study of the risks and benefits of chromoendoscopic screening and prophylactic gastrectomy, including analysis of the long-term quality-of-life implications of gastrectomy will be required for the development of evidencebased management guidelines for this cancer susceptibility syndrome. The dashed lines around each family indicate the original pedigree that was received at the time of separate referrals of each proband to the study. Familial links were added subsequent to mutation and haplotype analysis. To protect the anonymity of the families shown in the pedigrees, unaffected individuals are represented by a sex-neutral symbol (circle within a square). Information about affected individuals is fully displayed. Individuals are not shown in birth order. Complete pedigree data will be made available by the authors upon request for specific research use consistent with protection of participant privacy and prior consent.
Prophylactic gastrectomy is a major surgical procedure associated with predictable morbidity and potential mortality rates (Ͻ1%) and thus should only be performed by expert surgeons after counseling by geneticists, dieticians, and gastroenterologists. For HDGC mutation carriers, our recommendations conform to published guidelines, 18 with consideration of genetic testing and commencement of screening in the late teens or early 20s. The timing of gastrectomy is an individual decision. The penetrance of CDH1 mutations by age 75 years was somewhat lower in men (40%) than in women (63%), a difference that is similar to a previous study in which the cumulative risk of gastric cancer by age 80 years was 67% (95% CI, 39%-99%) for men and 83% (95% CI, 58%-99%) for women. 38 The biologic basis for the increased penetrance among females is not known and is in variance with diffuse gastric cancer incidence rates in males and females, which are approximately equal. 22 The high frequency of occult cancers in prophylactic gastrectomies in comparison with the incomplete penetrance of clinically detected cancer suggests that not all early lesions proceed to lethal carcinomas. The age range for gastric cancer in this series is 18 to 82 years and the youngest fatality from gastric cancer was at age 20 years. The youngest reported death from HDGC was in a 16-year-old adolescent from the Maori family in which the first CDH1 germline mutations were described. 6 We recommend that gastrectomy should be considered in the early 20s in male mutation carriers whereas female mutation carriers would need to consider the dietary ramifications of prophylactic gastrectomy on pregnancy in their decision-making process and thus may wish to delay the procedure. For mutation carriers awaiting gastrectomy or for those in whom it is not a desirable option for personal or medical reasons, screening every 6 months is recommended. Both more refined penetrance data and an understanding of the effect of gastrectomy on quality of life will be required for the generation of evidence-based management guidelines.
For families with multiple cases of diffuse gastric cancer, mutational CDH1 screening for diagnostic purposes is difficult due to the large size of the gene and distribution of mutations along the entire gene. Recurring mutations have been described, for example the 1003CϾT (R335X) mutation, which was found in 3 families due to separate mutational events in each. 9, 32 Other mutations
and 1901CϾT
[A634V]) have been independently identified by multiple groups, however further analysis has not been performed to determine whether these are due to common ancestry or represent separate mutational events. 9, 12, 13, 19, 27, 30, 31 In this study, 38 HDGC families were screened for CDH1 mutations and 13 different mutations were identified in 15 families. The mutations identified in this study are similar to mutations that previously have been identified in terms of their distribution throughout the CDH1 gene and mutation type (Table 1) .
Five mutations were subjected to haplotype analysis to determine whether they occurred due to independent events or as founder effects. Four of these mutations (1901CϾT [A634V] , 1137GϾA, 2064-2065delTG, and 2398delC) were found to be associated with identical or near identical haplotypes in more than 1 HDGC family. Of these, only the 2398delC mutation was identified multiple times within a genetically homogeneous, ethnically or geographically defined population, and thus is a likely founder mutation. Both the 1901CϾT (A634V) and the 1137GϾA mutations also occurred as independent mutation events in additional families. Cleft lip and congenital scalp aplasia cutis have been described in siblings with positive test results for the 1137GϾA splicing mutation from the previously reported family. 10 In adults, haploid insufficiency of epithelial cadherin results in diffuse gastric cancer susceptibility with no accompanying abnormalities in wound healing or skin integrity. However, at 4 to 6 weeks of embryo development, which coincides with lip and palate development, CDH1 is expressed in the nasal prominence. 10 There were no known individuals with skin closure abnormalities in either family F3 or F4, which suggests that other genetic or environmental effects (eg, folate insufficiency) may influence this phenotype.
The 2398delC mutation was found on a common haplotype in 4 families (F14, F15, SF6, and SF7; Figure 3 and Figure 4 ). Aside from the previously reported Maori family with HDGC, 6 a founder mutation in the CDH1 gene has not been described in the literature for HDGC syndrome. Two of these families originate from or near an abandoned island community off the southeast coast of Newfoundland and the other 2 families are from nearby communities (Ͻ100 miles away).
The incidence of mortality from gastric cancer in Newfoundland is the highest in Canada at 1.7 times the Canadian average. 49 Within Newfoundland, the regions this family comes from (Avalon Peninsula and southeast coast) are the highest-risk areas within the province. Consanguinity is known to be increased in the Southern Avalon Peninsula, 50 which increases the possibility of marriage between 2 carriers of the 2398delC mutation. Based on the phenotype of CDH1 knockout mice, which are lethal during the embryonic stage, 51 we expect that homozygotes for this mutation would not be viable. However, such marriages would increase the heterozygous carrier frequency in sibships. While it is not known whether there is a higher than normal proportion of diffuse gastric cancer cases in this province, an early study describing increased incidence of gastric cancer in Newfoundland 52 shows a single figure of a gastric cancer sample whose pathology matches that of signet ring diffuse gastric cancer identical to that seen in CDH1 mutation families. There has been speculation that environmental factors such as seabird populations 53 may contribute to this increased risk. However, the finding of a founder population from this region suggests a genetic explanation for these increased gastric cancer rates. If we are correct in attributing the increased rate of gastric cancer in Newfoundland to these founder mutations, then we would expect that more than 40% of the gastric cancer cases in this province could be hereditary. This is in strong contrast to the rest of North America where we estimate that less than 5% of gastric cancer cases are caused by autosomal dominant cancer susceptibility genes. 18, 21 In addition to the consequences of CDH1 mutations for HDGC patients, female CDH1 mutation carriers are at increased risk for developing lobular breast cancer. 8, 9, [22] [23] [24] Penetrance studies have shown that female CDH1 germline mutation carriers have an additional risk of breast cancer, particularly lobular breast cancer, in about 39% (95% CI, 12%-84%) of patients.
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Within the families with founder mutations from this study, the cumulative risk of breast cancer was 52% (95% CI, 29%-94%), which is slightly higher than the previously reported risk.
Family F14 carrying the 2398delC mutation has 13 members with breast cancer; all 3 available pathology reports were confirmed to have invasive lobular breast cancer. Family SF6 8 with the same mutation also has 2 breast cancer cases with 1 case confirmed as lobular breast cancer ( Figure 3 ). Two branches of this extended family, along with family F11, had been misclassified as breast cancer families due to clustering of lobular breast cancer cases and subsequently tested negative for BRCA1/2 mutations (Figure 3 and Figure 4 ). This suggests that families with negative test results for BRCA1/2 in whom the proband has lobular breast cancer should be reevaluated for HDGC and screened for CDH1 mutations.
Magnetic resonance imaging with mammography may be more sensitive than mammography alone for detection of breast cancer in high-risk women. 54 Our current recommendations for all female carriers of CDH1 mutations include referral to high-risk breast cancer screening clinics with regular magnetic resonance imaging and mammography testing starting before age 40 years. Because early lobular breast cancer cases are estrogen-receptor positive and prophylactic tamoxifen trials preferentially reduced risk for estrogen-receptor positive cancer 55 and lobular carcinoma in situ, 56 the recommendation of tamoxifen for women with germline CDH1 mutation carriers may be prudent if not contraindicated. Prophylactic mastectomy also could be considered and may be particularly appealing for asymptomatic female carriers from families with multiple cases of lobular breast cancer.
This extended family with the 2398delC founder mutation is a useful resource for determining riskmodifying factors in the development of diffuse gastric cancer or lobular breast cancer, such as diet or genetic polymorphisms, and for studying secondary genetic events that lead to cancer formation. The identification of this mutation could permit populationbased screening of diffuse gastric cancer within specific regions of Newfoundland. Testing for the founder mutation will be particularly valuable for potential HDGC families from Newfoundland in which there is no known living relative with either diffuse gastric cancer or lobular breast cancer from whom a high-quality peripheral blood DNA sample can be obtained for full CDH1 genetic screening because testing a single mutation can be readily performed on suboptimal DNA from archival tissue samples. In this study, we have identified other ancestral mutations; however, they cannot be used to streamline CDH1 testing because they are not associated with a geographically or culturally definable founder population.
Our results confirm that between 30% and 40% of families with a positive family history of gastric cancer and more than 50% of families with 2 diffuse gastric cancer cases diagnosed prior to age 50 years will carry germline mutations in the CDH1 gene. We also have identified a potential genetic etiology for the increased incidence of gastric cancer in the Canadian province of Newfoundland and have demonstrated a rapid uptake of asymptomatic carrier tests and prophylactic gastrectomies in families testing positive for a CDH1 gene mutation.
